The ionospheric plasma electric field plays an important role in space physics and space meteorology, and it constitutes an essential physics magnitude for all phenomena occurring in the ionosphere, such as plasma convection, wave-particle interactions, and wave emissions. We used the direct measurements of DEMETER satellite which gives the total electric field, i.e., natural and induced fields, to show the effect of the induced field on the total electric field measurements. For that purpose, the induced electric field, generated by the satellite motion through the Earth's magnetic lines, is calculated by selecting different velocity satellite and geomagnetic field components. The induced field is calculated by using two different methods: one according to the satellite different axes and the other by using the double-probe method. It is found that the calculated induced electric field dominates on the total electric measurements, therefore leadings to misestimation of the true value of ionospheric electric field.
Introduction
The double-probe method appears as a unique method to measure electric fields in space (Mozer 2016 ) since it covers a complete range of frequencies from DC to HF with a wide dynamical range and allows to access the three electrical components using only four probes, while a single probe disturbs the plasma due to higher current flowing into it. This problem is overcome by using a double-probe technique where electron-ion currents limit one each other (Castro et al. 1999 ). On LEO (Low Earth Orbit) satellites, in the still dense ionosphere, the major constraint is to make sure that the probes are located in the undisturbed plasma out of the sheath and wake of the spacecraft. In the nightside auroral or polar ionosphere and in winter, the Debye length may reach 20-30 cm for cases of a highly depleted hotter ionosphere. All sensors are far enough from the wake produced by the spacecraft motion through the ionospheric plasma (Berthelier et al. 2006 ). In the magnetosphere, the implementation of double-probe experiments is more complicated (Mozer 2016) . The large Debye length of tenuous magnetospheric plasmas calls for wire booms several tens of meter long, at least in the spin plane, which makes necessary to perform accurate measurements of DC electric fields with often only few mV/m amplitudes. Furthermore, the unsymmetrical clouds of photo-electrons emitted from the satellite body or the booms themselves disturb the operation of the probes and call for specific polarization schemes of the end parts of the booms holding the probes to prevent significant measurement errors. This paper examines the DC electric data measured by ICE (Instrument Champ Electrique) onboard the DEMETER (Detection of Electro-Magnetic Emission Transmitted from Earthquake Regions) microsatellite launched on June 29, 2004, on a nearly circular helio-synchronous orbit with a low altitude (660 km). The satellite makes about 14 orbits per day. The planned duration of the mission was originally 2 years (Berthelier et al. 2006 ) extended until December 09, 2010. The major objective of DEMETER was to detect irregular variations of electromagnetic waves in diverse frequency bands (ULF: 0-15 Hz, ELF: 15 Hz-1 kHz, VLF: 15 Hz-17.4 kHz, and HF: 10 kHz-3.175 MHz). For that purpose, DEMETER gives a nearly continuous investigation of the electric emissions in low and middle altitudes. For many years, the natural ionospheric electric field has generated considerable interest in terms of possible pre-seismic effects. Therefore, a large part of the published works ( Zhang et al. 2011 ( Zhang et al. , 2012 Pisa and Santolik 2011; Athanasiou et al. 2011; Yamada et al. 2002) have reported significant changes in the electrical signals few days before strong earthquakes. But most studies (Louerguioui et al. 2015; Akhoondzadeh 2013) have limited the investigation of pre-seismic events, based solely on the ULF (ultra-low frequencies) electrical observations. Thus, DEMETER may present a good alternative to measure changes occurring in the ionospheric electric field, because the electric field originating at the Earth's surface is too weak to penetrate the ionosphere (Denisenko 2015) up to the DEMETER spacecraft location.
Moreover, the natural ionospheric electric field plays an important role in other several ionospheric phenomena (Ouyang et al. 2018; Streltsov and Mishin 2018; Seran and Godefroy 2019) . Consequently, it represents a parameter of key significance in magnetospheric physics. Throughout this paper, we describe the methodology adopted to highlight the influence of the induced electric fields generated by the satellite motion when it crosses the Earth's geomagnetic lines. For that, we recall the ICE experiment onboard DEMETER, which has performed continuous observations of natural emissions from DC electric field with an elevated sensitivity. The main results reported in this study show that the influence of the induced field on the electric field measured by DEMETER is dominant.
Electric data measurements
The payload ICE (Instrument Champ Electrique) onboard DEMETER satellite contains 4 electrical probes (E 1 , E 2 , E 3 , and E 4 ) of 60 mm in diameter, fixed on the ends of 4 antennas with 4 m in length (Fig. 1) . The probes E 1 and E 2 are positioned parallel to the "YS" axis and vertical to the XZ plane of the spacecraft, while E 3 and E 4 are deployed at 45° from the "XS" axis. In this design, E 1 , E 3 , and E 4 are situated at 4 m from the satellite body and E 2 at 2.3 m from the solar panel. Considering this positioning, ICE operates as a double-sensor instrument in which the electric field is determined along the axis connecting 2 probes (Mozer 2016) . Any pair of probes among the four (E 1 , E 2 , E 3 , and E 4 ) can be used to evaluate different electrical components (E 12 , E 13 , and E 34 ) (Berthelier et al. 2006) .
Spacecraft moving in the Earth's magnetic field
The electric field evaluated by a sensor system (E measured ) is the field residing in a landmark location moving with the sensors (Fahleson 1967) . It has to be converted to some new reference frames, generally fixed to the Earth. When Fig. 1 Configuration of the electrical probes (E 1 , E 2 , E 3 , and E 4 ) onboard DEMETER satellite the satellite crosses the Earth's geomagnetic field, it creates an induced field. The latter depends on satellite velocity components (v x , v y , v z ) and also on the magnetic field components (B x , B y , B z ).
The natural electric field (ED) referred to the Earth is determined by where ED is ambient (natural) ionospheric electrical field, E measured electrical field measured by a spacecraft, (v × B) electric field induced by satellite motion through the Earth's magnetic field, V (ms −1 ): spacecraft velocity referred to the Earth, and B (nT) Earth's magnetic field calculated by using a mathematical model IGRF.
As noted above, the International Geomagnetic Reference Field model (IGRF) has been designed to predict the Earth's main internal magnetic field vector at given coordinates and time, valid since 1900. A recent study (Matteo and Morton 2011) has indicated that the IGRF model is within 1% accuracy of the ionospheric magnetic field measured at 92.80% of the time. The principal results presented in this recent study indicate that the IGRF remains highly accurate in the ionosphere, even in geomagnetically active conditions and over a wide range of locations and altitudes.
Ambient field measurements along the axes of satellite
The electrical instrument (ICE) onboard DEMETER measures 3 electrical components (E x , E y , E z ) following the main axes ("XS," "YS," and "ZS") in the satellite coordinate system ( Fig. 1 ). More details of the different coordinate systems necessary for DEMETER can be found in Lagoutte et al. (2006) . Ambient ionospheric electric field (ED) is calculated by removing the induced field (v × B) from the total electric field measurements, according to the different satellite axes by the following relation:
The induced field is calculated by selecting the different components of the satellite velocity (v x , v y , v z ) as well as the geomagnetic field components (B x , B y , B z ) in geographic coordinate system. All these different components have been converted to satellite coordinate system by using different transformation matrices. More details about the transformation matrix can be also found in Lagoutte et al. (2006) .
Ambient field measurements with electric probes
Ionospheric electric fields have been directly measured as potential differences between two electrical probes. In this study, the electric field vector in the satellite coordinate system is given by 3 components (E 13 , E 12 , and E 34 ) with where E ij (V/m) is the electric field measured between two probes (ij = 13, 12, 34) . V i (V) the electrical potential for each probe (V 1 , V 2 , V 3 , and V 4 ), and L ij (m) the distance between two probe centers (i and j).
where x i , y i , z i are the position of each electrical probe in satellite coordinate system.
The natural ionospheric electric field referred to the Earth is determined by:
where ED ij is the ambient ionospheric electric field between two probes (i and j), E ij is the ionospheric electric field measured between two probes (calculated from Eq. 3), and (v × B) ij is the electric field induced by the satellite motion through the Earth's magnetic field between two probes.
The induced electric field is calculated by selecting the different components of satellite velocity (v x , v y , v z ) and geomagnetic field components (B x , B y , B z ) , both in geographic coordinate system. We must first convert them into satellite coordinate system by using different conversion matrices given by DEMETER. Afterward, the induced electric field vector is projected on the axis connecting two probes.
The induced electric field vector
is then projected on the axis connecting two probes. This projection is written as follows:
The unit vectors parallel to the different probes axes are given by the following relations:
where is unit vector between two electrodes i and j and vector position between two electrodes i and j.
Data analysis and discussion
The ULF electric data (E x , E y , E z ) were initially exploited along the principal spacecraft axes. For this purpose, different orbits (19,881.1, 30,021.1, 30,109.1, and 30,256 .1) corresponding to 21/03/2008, 10/02/2010, 16/02/2010, and 26/02/2010 were selected, respectively (Fig. 2) . The axes abscissa represents the universal time (UT) related to different orbits, geographic latitude and longitude, respectively. The axes ordinate shows different electrical components measured in the satellite coordinate system. We note that the measured electric field (E x , E y , E z ) is in blue line, the induced one [(v × B) x , (v × B) y , v × B) z is in dashed line, and the ambient electric field (ED x , ED y , ED z ) is in red line. Important differences higher than 10 mV/m were detected between the measured and induced fields particularly along ("XS" and "ZS") axes. As it can also be shown in the middle and low latitudes (Fig. 2) only the electric component E y measured along "YS" axis has the strongest values varying from 200 to 300 mV/m (with opposite signs between two hemispheres). In addition, significant variations have been observed for a few minutes from the beginning of each selected orbit (up to ~ − 73° latitude) approximately almost in the ambient field variation, due to the accidental pollution by thruster of one of the electrical probes following the "YS" axis, just after satellite liftoff. Figure 3 illustrates the electric potential variations (V 1 , V 2 , V 3 , and V 4 ) of all probes (E 1 , E 2 , E 3 , and E 4 ) measured during the different orbits selected previously. It can be noted that, in the Southern Hemisphere, the E 2 probe potential is negative, while the E 1 potential is positive, which is the contrary to the Northern Hemisphere. The result, as seen in this figure, indicates that higher potential values are detected only in the (E 1 and E 2 ) probes, which are influenced by the principal induced field component (v × B) y following the "YS" axis, situated in the same (E 2 − E 1 ) axis direction in the Southern Hemisphere and (E 1 − E 2 ) axis direction in the Northern Hemisphere. These results demonstrate that these components are reversed after crossing the equator. Note that this inversion originated from the geomagnetic field inversion between Northern and Southern Hemispheres, considering the satellite velocity vector direction along "-Z" axis. Figure 4 represents the electric field components following different directions between two electrical probes, as well as the induced electric field (v × B) ij calculated in the satellite coordinate system. The methodology suggests that satellite velocity and geomagnetic field should be exploited to calculate the corresponding induced electric field. These data are available at a temporal resolution lower than that of the ULF waveform. Therefore, the values of the induced field were linearly interpolated. The tendency represented by the dominant induced electric field [(v × B) 34 ] is removed in the total variation measured (E 12 , E 13 and E 34 ) . All of the electrical components in ULF band were analyzed. It can be noticed that a small electric variation has been observed (Fig. 4) during a few minutes at the beginning (until ~ − 72° of latitude approximately) of each half-orbit selected (E 12 , E 13 , and E 23 ). These disturbances originate from the probes accidental pollution (E 1 and E 2 ) by thruster just after satellite liftoff. It would also be interesting to observe that at the beginning of each half orbit, the electric probes are in switch ON mode. Transient behavior of the electric probes was systematically observed each time it was turned on. Furthermore, it should be mentioned that when ICE (Electric instrument onboard DEMETER) operates, the electrodes collect an electron current of 100 nA that gradually removes this pollution (in ~ 1 min). It is known as cleaning" and observed in the case of Langmuir probes. In addition, the electronics in the electrode dissipates a certain power which increases the temperature of the electrode and could also evacuate the "pollution." Therefore, the electric probes work very well after 1 min. The ambient variation of ionospheric electric field (ED 12 , ED 13 and ED 34 ) shows a clear difference, higher than 10 mV/m, between the measured and induced fields, especially along (E 1 − E 3 ) and (E 3 − E 4 ) axes. However, this induced electric field (v × B) is more dominant along the "YS" axis [(v × B) 12 ] , null at the equator for the components [(v × B) 12 , (v × B) 13 ] , and low for [(v × B) 34 ] . Furthermore, for medium and low latitudes, the ionospheric plasma is located in the Earth's corotation system, where dominates only the induced field (v × B) originating from the spacecraft movement through the ionosphere. The natural ionospheric electric field (ED ij ) is very low.
The fact that the induced electric field components [(v × B) 12 and (v × B) 13 ] are positive in the Northern Hemisphere and negative in the Southern Hemisphere demonstrates that these components are reversed at the Fig. 4 Each panel displays the electric field measurements (E 12 , E 13 , E 34 ) in blue variations, natural field (ED 12 , ED 13 , ED 34 ) in red and induced field, and [(v × B) 12 , (v × B) 13 , (v × B) 34 ] in blue dotted lines equator. Such an inversion originates simply from the orientation changes of the geomagnetic field between the two hemispheres.
Conclusion
The present study aims to analyze the ionospheric electric field measured by the double-probe method. For that purpose, we exploited the ULF electric data onboard the Low Earth Orbit DEMETER French microsatellite. The analysis of the natural electric field measured by DEMETER shows the influence of the dominant electric field induced by the movement of the spacecraft through the Earth's magnetic field. Removal of this induced field reveals the true value of the natural ionospheric electrical components. On the one hand, we calculated the induced field along the different axes, and on the other hand, we used the double-probe method.
It is found that the difference between the total and the induced field measures is very important. Thus, the total measure is altered by the induced field resulting from the satellite motion which gives a difference higher than 10 mV/m (i.e., larger than the absolute error of the electric field measurement). As the main interest concerns the natural field, it is important to extract the induced field which is calculated using the IGRF geomagnetic field model and the satellite velocity vector as reported by Pisa and Santolik (2011) .
